Reheating, Dark Matter and Baryon Asymmetry: 
a Triple Coincidence in Inflationary Models 
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A scenario in which primeval black holes (PBHs) form at the end of an extended inflationary period 
is capable of producing, via Hawking radiation, the observed entropy, as well as the observed dark 
matter density in the form of Planck mass relics. The observed net baryon asymmetry is produced 
by sphaleron processes in the domain wall surrounding the PBHs as they evaporate around the 
electroweak transition epoch. The conditions required to satisfy these three observables determines 
the PBH formation epoch, which can be associated with the end of inflation, at t ~ 10 _32 s. 
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I. INTRODUCTION 

The possibility of primeval black hole (PBH) forma- 
tion in the early Universe has been known for a long 
time [H 0]. The realization that quantum effects lead 
to their evaporation 0] led to investigations of possible 
constraints on the PBH mass spectrum from their conse- 
quences for various astrophysical backgrounds [U, 0] and 
their possible dynamical role as dark matter Q . The in- 
terplay between PBHs as a source of CDM affecting cos- 
mological dynamics, and their evaporation as a source of 
entropy and particles [6| affecting nucleosynthesis and 
CMB observations leads to constraints on their mass 
spectrum over a wide mass range [H 0] . Since black hole 
evaporation manifestly violates T-invariance, CP must 
be violated as well so that baryon number is not con- 
served [ll| , which led to the suggestion, in the context of 
GUTs, that the baryon asymetry of the Universe could be 
thereby explained Il3j . In the context of inflationary 
models, PBH formation can be triggered by large ampli- 
tude inhomogeneities caused by bubble nucleation over 
scales comparable to the horizon, which can collapse into 
black holes at the end of an extended inflationary period 
0. 

The evaporation of PBHs with mass less than ~ 10 15 
g, on timescales less than a Hubble time Q, can lead 
either to complete evaporation, or may stop at a Planck 
scale mass mpi ~ 10~ 5 g [la ]. Much work has been 
done since then on the possibility of PBH formation at 
phase transitions, on the dynamics of their collapse and 
on their possible role in large scale structure formation, 
e.g. [TtI Il8j and references therein. 

In what follows, we concentrate on the potential of 
PBHs formed at the end of extended inflation in pro- 
viding a mechanism for the production of the current 
observed entropy per baryon, the inferred dark matter 
density, and as a possible source for the baryon asymme- 
try in the Universe. We emphasize a remarkable triple 
coincidence for the conditions required to produce these 
three quantities, pointing towards a well defined epoch 



identified with the end of inflation. 

In this model, the absolute entropy of the universe is 
given by the entropy of a gas of standard model par- 
ticles at the initial temperature Tbh ~ 300GeV, pro- 
duced by PBHs created at t ~ 10 _32 s which evaporate 
at tsH ~ 10~ 12 s, identified with the reheating time. This 
same PBH evaporation leads also to a dark matter com- 
ponent, assumed to consist of approximately Planck mass 
remnants with a mass density approximately equal to the 
PBH density times the Planck mass. The net baryon 
density and asymmetry is also related to the PBH evap- 
oration, through sphaleron processes in a domain wall 
structure surrounding the PBHs. The presently observed 
entropy, dark matter density and net baryon to entropy 
ratio are obtained for a unique value of the reheating 
time tsH ~ lCP 12 s, which coincides with the electroweak 
timescale, and which defines a unique time for the end of 



inflation at t e 



10 



-32 c 



II. PBHS, REHEATING AND ENTROPY 

At the Planck time t Pt = (hG/c 5 ) 1/2 ~ 1CT 43 - 3 s the 
Planck mass mpi = (h/tpic 2 ) ~ (he? /G) ~ 10~ 4 - 7 g, cor- 
responding to the Planck energy Epi ~ 10 19 05 GeV, is 
within a particle horizon whose size is the Planck length 
Ipi ~ dpi ~ io -32 - 83 cm. Any PBHs formed before or 
during inflation would have had their energy density di- 
luted by the exponential expansion of the scale factor to 
a negligible value, so that PBH formation is of interest 
mainly after the end of inflation, at t ^ t en d- 

The difficulties of the original inflation model are re- 
solved most simply in models of extended or hyperex- 
tended inflation which is generally taken to end 

around an epoch t enc i ~ io~ 32±6 s, at which time the 



energy scale has dropped to E 



,1/4 



10 



13±3 



GeV. 



for PBH formation around t 



10 s, which can be 



At this time the Universe is cold, due to adiabatic cool- 
ing during the expansion of the scale factor by sixty or 
more e-foldings, so the pressure is essentially zero, and 
the equation of state is correspondingly soft. Primor- 
dial energy density fluctuations coming into the hori- 
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zon at f ~ tend may be of the canonical inflation- 
ary (Harrison-Zeldovich) type, with relative amplitudes 
S en d = (fip/p)t end ~ 10~ 4 , and/or may be large ampli- 
tude fluctuations caused by chaotic conditions associated 
with bubble nucleation at t en d, where one may expect 
vena 1, e.g. [H|. 

The latter fluctuations can cause 
PBHs to form almost immediately at t\ ~ t en d, with a 
mass Mbh which is a fraction 77 £ 1 of the mass in the 
horizon Mh or ~ mpi(t/tpi) at that time, 

M BH (h) vmpiih/tpi) ~ 10 6 Vi,~32 g (1) 

or M BH ^ 10 30 Vi,-32 GeV, where t h ^ 32 = 
(ii/10 _32 s). The temperature associated with a black 
hole of mass Mbh is 

Tbh = {mpi/8TrM B H) 

= 10 6 - 4 M 3 6 GeV = 10 6 - 4 7 7 - 1 ti_ 32 GeV. (2) 

In the standard treatment, these PBHs evaporate on a 
timescale 

^bh {Mbh) = g^iMBn/mpiftpi 

* 10- U - 4 9*^(^i,-32) 3 s, (3) 

where = lO 2 ^*^ ~ 106.75 is the number of degress of 
freedom in the early universe for the standard model [lol]. 
Most of the evaporated energy goes into radiated photons 
and particles. 

For evaporation times much longer than the epoch of 
formation, t B H t±, the epoch (age of the Universe), 
at which PBHs of mass Mbh evaporate is t ~ tsn ~ 
10 3S A1bh s. Thus even if the perturbations coming into 
the horizon at the end of inflation had only the canonical 
amplitude 5 en d ~ 1CP 4 , they grow with the scale factor of 
the Universe a as 5 oc a oc t 2 ! 3 (for a matter dominated 
[MD] Universe, if the equation of state is cold). The 
collapse time t co i at which the fluctuations achieve large 
amplitude 8 ~ 1 is much smaller than tsH, and for fluid- 
like perturbations the epoch at which PBHs of mass Mbh 
evaporate is again t ~ tsH- 

If P(Mbh) is the fraction of the energy density of the 
Universe which collapses into PBHs of mass ~ Mbh at 
the the epoch ti, the radiation produced by the PBHs 
at the evaporation time tsn, after having relaxed with 
the environment, results in a specific entropy per baryon 
S = s/n B of S ~ (1 + Si)(3{M){M/m P i) 9], where Si is 
the initial entropy per baryon before PBH evaporation, 
assuming j3 -C 1. This can be used to set constraints 
on the fraction (3 of PBHs of mass M, and can also con- 
tribute to producing some or possibly most of the en- 
tropy of the universe. Generalizing this argument to an 
inflationary scenario (l5j . with Si ~ as expected from 
adiabatic cooling at t\ ~ t en d, assuming that the PBH 
mass is a fraction t\Mhot of the mass in the horizon at 
the collapse time t\, the initial energy density in a PBH 
component is 

PB H (h) = {3/32n)f3(m Pl /t 3 1 )(t 1 /tp l ), (4) 



while the remaining fraction (1 — 0) goes into relativis- 
tic particles or radiation, pp.(ti)- For plausible values 
of r\ ;$ 1, 10~ 10 /? 1, the universe expansion is ini- 
tially dominated by radiation, a oc i 1 / 2 , but after a time 
h = [(1 - /3)7/? 2 ]ti it becomes PBH dominated [3, 
a oc t 2 / 3 . The PBHs evaporate at t ~ tpn S> t\, 
injecting into the universe a radiation energy density 
pR(t BH ) - {i/^){l~f3)r i - e gl{tp l /t l f{mpi/t\), which 
can be re-expressed as a function of the initial mass of 
the PBHs which evaporate at tsn, 

PR{t BH ) = (3/32tt)(1- P)(m Pl /t Pl )(m Pl /M BH ) 2 . (5) 

This newly injected radiation component is much larger 
than the diluted radiation produced at time t\, and it 
provides henceforth the dominant energy form in the 
universe, which again expands as a oc i 1 / 2 (until t eq ). 
A this time the universe acquires an entropy density 
s{tBH) — (27T 2 /45)g*T(iBff) 3 , being reheated to a tem- 
perature T(t B ff) given by 

T{t BH ) = (30/.g,7r 2 ) 1 / 4 p K (t sif ) 1 / 4 

_ / 90g.[l -/?] V /4 (m Pl \ 1/i f mpi \ 3/2 

" V 32tt 3 J \t Pl J \Mbh) 

c 250g^ 2 4 (l - /3) 1/4 M~ 6 3/2 GeV (6) 

Taking the standard value for the matter-radiation 
equilibrium epoch a eq = 4.3 x ICU^SIm.o^ 2 ) -1 , the 
PBH evaporation epoch corresponds to a B n — 4.1 x 
10- 16 M 6 3/ 6 2 , and fr om the entropy scaling T 3 a 3 <7* = con- 
stant with g^^BH — 106 and o = 3.9 one obtains a 
present day radiation temperature To — 3.0 x 10 _4 (1 — 
/?) 1 ^ 4 eV, close to the observed value of 2.5 x 10 _4 eV (See 
Fig. 1). Notice that if one were only trying to explain 
the current entropy or the current radiation temperature, 
one could in principle also satisfy this with, e.g. earlier 
evaporation times or higher Tbh values. However, if in 
addition one demands that the PBH evaporation should 
also lead to the currently observed dark matter density, 
the evaporation time becomes determined, as discussed 
below. 



III. DARK MATTER 

The evaporation timescale ^ remains approximately 
the same even if mass loss stops after the PBH has shrunk 
down to a Planck mass ~ 10~ 5 g, since by this time it 
will have radiated away most of its energy in the form of 
photons and particles. The semi-classical quantum evap- 
oration treatment breaks down near ~ mpi, requiring 
taking quantum gravity effects into account, and several 
authors have argued that the process leaves behind stable 
relics of approximately a Planck mass [16|. These would 
behave as non-relativistic matter, and in order not to ex- 
ceed limits on the current dark matter density, they im- 
ply constraints on the epoch at which they evaporated, 
and therefore also on the epoch at which they formed 
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(TBL [ig|. At the epoch tsn when they evaporate, if each 
PBH leaves a relic of mass umpi, the relic matter density 
Pm is 

P m = (3/32tt)(1 - p)gUm Pl /M BH ) 7 ( K m Pl /t 3 Pl ) (7) 

At this time tpn the PBH-contributed radiation density 
([5]) is dominant, and the ratio of radiation (including rel- 
ativistic particles) density to relic (dark) matter density 
is 

(PB./PM)t BH ^ (M BH /Kmpi) ee {riti/Ktpi), (8) 

which is ~ 2 x lO 11 *;- 1 !^ = 2 x IO n K- Vi,-32- This 
ratio decreases as a -1 , and at t eq its value is 

(PR/PAi)t cq 2Ml / sK~ 1 VL M flh 2 

~ 2t\% 2 7 1 K- l n Mfl h 2 , (9) 

close to unity, as needed for dark matter. The evapora- 
tion at t BH ~ lfj- 11 - 4 s of PBHs formed at t ~ 10" 32 s 
leads therefore to a plausible model for explaining the 
reheating of the Universe after the end of inflation, lead- 
ing to the right amount of present day entropy, as well 
as providing a source for the present day dark matter 
density. The latter could be in the form of stable Planck 
mass relics, or possibly stable, weakly interacting decay 
products of such relics, with the same total mass. This is 
achieved if (i) the end of inflation occurs at t en d ~ 10 _32 s, 
(ii) PBHs collapse is dominated by fluctuations coming 
into the horizon at t\ ~ t en d, aided by the soft equa- 
tion after the end of inflation, and iii) the fraction of the 
energy density of the Universe collapsing into PBHs at 
that epoch is I0 -10 ,$ (3 £ 1 (see previous section). This 
range is mostly unconstrained by current observational 
restrictions on PBH mass spectra [Hj]. The choice of 
ti ~ I0 _32 s is then essentially determined, if we want to 
explain both the current entropy and the current dark 
matter. 



IV. BARYON ASYMMETRY 

It is generally thought that the baryon asymme- 
try must have been generated by the epoch at which 
the Universe cooled below the electroweak energy scale 
T ew ~ 300T eu , )30 oGeV [TH, This corresponds, ex- 

trapolating back from the present epoch, to a scale 
factor a ew ~ 2.6 x 10 _16 T eM 1 300 and an epoch t ew ~ 

300 s - This electroweak transition 
epoch t ew is, numerically, essentially the same as the 
evaporation epoch tsH ~ I0~ 114 s defined in equation 
©, for PBHs of mass M BH ~ 10 6 6 g [eq. ©] which 
formed at the epoch t\ ~ 10 -32 s. 

The coincidence between the PBH evaporation 
timescale tsH and the electroweak timescale t ew is re- 
markable. The first is derived from a requirement to 
explain the reheating and the observed entropy/DM ra- 
tio starting from an inflationary early universe scenario, 



< > 
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FIG. 1: The radiation, primordial black hole and subsequent 
dark matter evolution as a function of cosmological time. 



while the second is determined from a particle physics 
energy scale and the more recent dynamics of the Uni- 
verse. The fact that the Universe is baryon asymmetric 
provides, in fact, an additional constraint on the epoch 
tBH at which PBHs evaporate, if the baryon asymmetry 
arises from baryonic decay products of PBH evaporation, 
which is manifestly CP-violating process. 

The requirement that any net baryon number ng = 
rib ~ n h produced in PBH evaporation should not be 
washed out by CP- violating currents expected at the elec- 
troweak transition epoch t ew imposes the requirement 
tBH ~ tew This additional requirement is in fact satis- 
fied by the entropy to dark matter constraint ^ , requir- 
ing tsH ~ 10~ n ' 4 s, which in turn constrains, through 
equation (|II3p . the horizon entrance time of the PBH 
perturbations to be t\ ~ I0 32 s. In addition, in order for 
the energy density of these PBHs not to be diluted to a 
negligible value, they must be born after the end of in- 
flation, t\ £ t en d- The double constraint on t\ ~ I0 _32 s 
from the reheating/entropy/DM requirement on the one 
hand, and on t% ^ t ew to preserve any baryon asymmetry 
on the other hand, in turn constrains the end of infla- 
tion to occur at t en d — ti ~ I0 _32 s. In fact, either one 
of the previous two constraints acting individually (as 
long as PBHs are responsible either for the entropy/dark 
matter ratio or the baryon asymmetry) is enough to re- 
quire t en d — I0 _32 s. The fact that both independent 
constraints acting simultaneously require the same value 
of t en d is again remarkable. 

The baryogenesis mechanism of [l4j included mecha- 
nisms occurring at GUT temperatures, assuming that 
PBHs with Tbh > 10 14 GeV radiate bosons which decay 
into a net baryon number. (A different PBH baryogenesis 
mechanism in ekpyrotic/ cyclic models [22j has been dis- 
cussed by [23]). However, any GUT scale baryon asym- 
metry can be washed out by Sphaleron processes during 
during the electroweak phase transition. Sphalerons are 
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non-trivial topological field configurations which gener- 
ate a net B — L number. It was shown by Cohen, Ka- 
plan and Nelson [2l[ that it is possible to use the elec- 
troweak sphaleron (instantons) to generate baryon asym- 
metry through the well known ABJ anomaly equation: 



tsH ~ 4 x 10~ 12 s ~ t ew , which can produce both the 
observed entropy and the observed dark matter density. 
These same PBHs can therefore also produce the right 
net baryon number and the entropy per baryon of the 



universe. 
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where Nf is the number of families, W^ u is the weak field 
strenght, B^ v is the hypercharge field strength and g and 
g' are the gauge couplings. The CKN mechanism states 
that baryogenesis can be spontaneous in the sense that a 
derivate coupling between a scalar field and the baryon 
number current is induced in general: 

2 12 

And = ^N f [J^rY CS (A su(2) ) + J^Y CS (A U(1)Y )] 

(11) 

where in general F(A) A F(A) = dY C s(A), and substi- 
tuting from eq (fT0|) we get 



(12) 



However the coincidence of PBH formation during and 
before the electroweak phase transition temperature gives 
us a clue as to the origin of this field (p. If the field <f> is as- 
sociated with the phase of the Higgs field we may be able 
to naturally generate the baryon asymmetry. Indeed such 
a mechanism was made concrete by Nagatani 24| . In this 
mechanism the Higgs field forms a spherical domain wall 
around the PBH due to spontaneous electroweak symme- 
try breaking. The gradient in the domain wall is the CP 
violating phase which also acts as the chemical potential 
to generate the net baryon asymmetry due to sphaleron 
processes. The domain wall configuration is expressed 



(#(r)> 



(r < r DW ) 

Vif(r) e -iA0(l-/(r)) ( r > mw ) 



,(13) 



where f(r) = i/l - (T(r)/T weak ) 2 , T{r) is the local tem- 
perature measured at a radius r from the black hole cen- 
ter. This temperature gradient is determined by the radi- 
ation energy density gradient produced by the radiation 
outflow from the black hole. 

In this configuration of the Higgs vacuum expectation 
value, the width of the domain wall dew is equal to 
the depth of the symmetric region. The Hawking ra- 
diation (particles) emanating from the black hole tra- 
verse this domain wall, and the energy gradient in the 
wall induces a shpaleron transition which creates a net 
baryon number from the Hawking radial ion 28| . The 
net baryon number ns resulting from this process can 
be calculated directly 24j , and for PBH temperatures 
T BH ~ 10 6 - 5 - 10 7 - 5 GeV the resulting net baryon num- 
ber, and the ratio of the net baryon to entropy (where 
the latter is as calculated in the previous section) is 
ub/s ~ 10 -10 , satisfying the BBN constraints. Remark- 
ably, as shown in the previous two sections, this temper- 
ature is essentially the same temperature ^ correspond- 
ing to PBHs formed at t\ ~ 10~ 32 s and evaporating at 



V. DISCUSSION 

The possibility that three major observational parame- 
ters of the universe, namely the entropy density, the dark 
matter density and the net baryon to entropy ratio, may 
be simultaneously explained by a single mechanism is re- 
markable. In this scenario the reheating and the entropy 
is produced by the evaporation of promordial black holes. 
If, as has been widely surmised, these leave relics whose 
mass is of order the Planck mass per evaporating black 
hole, these can provide the dark matter density. For one 
or both of the above to come out right, the PBH mass 
must be in the ton range (1 x 10 3 kg). A newer element, in 
addition to the above, is that the difference between the 
PBH temperature and the temperature of the universe 
provides a temperature gradient, through which evap- 
orating particles can undergo CP-violating transitions 
leading to a net baryon number. A specific PBH evapo- 
ration domain wall mechanism can give the observed net 
baryon number and baryon to entropy ratio, in agree- 
ment with BBN constraints, when the PBH temperature 
is in the PeV range, corresponding again to the ton mass 
range. 

The entropy, by itself, could in principle be produced 
by a range of PBH collapse times t\ ^ 10 _32 s. How- 
ever, the additional requirement of relating also the dark 
matter density, the net baryon number, or both, to the 
evaporation process narrows the PBH formation time to 
the epoch t\ ~ 10~ 32 s. Since PBHs with a significant en- 
ergy density must arise at or after this epoch, this can be 
identified with the end of inflation. This same epoch oc- 
currs independently in hyperextended models of inflation 
where the non-minimal coupling is something other than 
quadratic in the scalar field, leading also to a prediction 
[251 ] of a gravitational wave background. 

The PBH formation epoch t\ ~ t en d ~ 10 _32 s also de- 
termines the reheating temperature T ~ 300GeV, caused 
by the PBH evaporation at the epoch tsn ~ 10~ 12 s ~ 
tew The triple coincidence discussed here, based on the 
physics of PBH evaporation, provides a strong incentive 
for identifying PBHs as responsible for three of the key 
parameters of cosmological models, namely the current 
entropy, the dark matter, and the net baryon asymme- 
try with the right baryon to entropy ratio. It also pro- 
vides an upper limit for the end of inflation at the epoch 

tend ~ 10~ 32 S. 
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